Harvey BC, Parameswaran H, Lutchen KR. Can tidal breathing with deep inspirations of intact airways create sustained bronchoprotection or bronchodilation?. J Appl Physiol 115: 436 -445, 2013. First published May 30, 2013 doi:10.1152/japplphysiol.00009.2013.-Fluctuating forces imposed on the airway smooth muscle due to breathing are believed to regulate hyperresponsiveness in vivo. However, recent animal and human isolated airway studies have shown that typical breathing-sized transmural pressure (Ptm) oscillations around a fixed mean are ineffective at mitigating airway constriction. To help understand this discrepancy, we hypothesized that Ptm oscillations capable of producing the same degree of bronchodilation as observed in airway smooth muscle strip studies requires imposition of strains larger than those expected to occur in vivo. First, we applied increasingly larger amplitude Ptm oscillations to a statically constricted airway from a Ptm simulating normal functional residual capacity of 5 cmH2O. Tidal-like oscillations (5-10 cmH2O) imposed 4.9 Ϯ 2.0% strain and resulted in 11.6 Ϯ 4.8% recovery, while Ptm oscillations simulating a deep inspiration at every breath (5-30 cmH2O) achieved 62.9 Ϯ 12.1% recovery. These same Ptm oscillations were then applied starting from a Ptm ϭ 1 cmH2O, resulting in approximately double the strain for each oscillation amplitude. When extreme strains were imposed, we observed full recovery. On combining the two data sets, we found a linear relationship between strain and resultant recovery. Finally, we compared the impact of Ptm oscillations before and after constriction to Ptm oscillations applied only after constriction and found that both loading conditions had a similar effect on narrowing. We conclude that, while sufficiently large strains applied to the airway wall are capable of producing substantial bronchodilation, the Ptm oscillations necessary to achieve those strains are not expected to occur in vivo.
WHEN PERIODIC LENGTH OSCILLATIONS mimicking tidal breathing and deep inspirations (DIs) are applied to airway smooth muscle (ASM) during or after excitation, the increase in ASM force is less than would otherwise have occurred, if the excitatory stimulus were applied while the ASM was static (13, 21, 61) . This observation led to the notion that periodic length fluctuations perturb the binding of myosin to actin (14, 33, 38, 48) , or cause remodeling of the contractile apparatus (19, 30, 50) , thereby limiting the resultant tension that the ASM can generate. With regard to asthma, the isolated ASM studies motivated the conjecture that the mechanism behind the beneficial effect of DIs in preventing airway hyperresponsiveness (AHR) is intricately tied to stretching of the ASM during breathing (13, 17, 29, 48) . By extrapolation, these ASM strip level studies led to the hypothesis that, in asthmatic subjects, conditions such as wall remodeling or the presence of a milieu of inflammatory mediators could all conspire to limit tidal stretch of the ASM, resulting in chronically stiffer and more contractile airways (15) (16) (17) . Consistent with these notions is that DIs in healthy subject are far more effective at dilating constricted airways (bronchodilation) (9, 41, 53) than they are in asthmatic subjects (8, 12, 25) . There is also evidence that a DI can protect against future constriction (bronchoprotection) (26, 37, 54, 55) in healthy but not asthmatic subjects (26) , and prohibition of DIs results in amplified reactivity in healthy subjects (58) .
While the whole lung data are tantalizingly consistent with the isolated ASM studies, there are multiple complex mechanisms at the level of the whole organ that can come into play when examining how a DI alters the reactivity of a branching airway system embedded in lung parenchyma (3, 10) . Consequently, one cannot unambiguously conclude from whole lung data that the bronchoprotection and bronchodilation distinctive behaviors are strictly the result of how stretch on the ASM embedded within the airway wall differs. In this study, we attempt to explicitly establish how behavior from isolated ASM strip studies translates to the whole airway. Recently, several groups have examined the impact of fluctuating stress and strain applied to isolated airways (31, 32, 43, 44, 46) or airways residing in lung slices (34) . LaPrad et al. (31) showed in intact bovine airways that transmural pressure (Ptm) fluctuations associated with tidal breaths and DIs imposed around a constant mean Ptm of 5 cmH 2 O were relatively ineffective at reversing narrowing. Noble et al. (44) found similar results in intact human airways. In both of these studies, the mean Ptm was kept constant (5 cmH 2 O) for all oscillation amplitudes to isolate the role of dynamics and eliminate the confounding effects of airway dilation due to increased mean static load, which occurs during normal breathing patterns. Lavoie et al. (34) showed, in precision-cut lung slices, that stretches mimicking DIs with greater than 30% area strain were required to elicit substantial reversal of bronchoconstriction. However, it is not possible to explicitly translate fluctuations of lung slices to physiological forces associated with in vivo airways. The effect of large-amplitude strains applied from a constant Ptm has not been tested in the intact airway configuration.
In this study, we hypothesized that the strain imposed on the ASM during dynamic forcing of a constricted intact airway is a critical determinant of the degree of bronchodilation, and that strains sufficient to significantly ablate the constriction are likely not typically achieved in situ. We quantified the bronchodilatory effects of imposing tidal-like [5-cmH 2 O peak-topeak (p-p) amplitude] up through large (25-cmH 2 O p-p amplitude) Ptm oscillations on intact airways from a Ptm mimicking functional residual capacity (FRC) (5 cmH 2 O) and then again in a separate set of airways from a reduced Ptm (1 cmH 2 O) to allow for larger strains per cycle. Additionally, we assessed the bronchoprotective effect of Ptm oscillations by comparing the impact of applying Ptm oscillations before and after constriction to applying the same Ptm oscillations only after constriction.
We demonstrate that bronchodilation of the intact bovine airway following constriction is strain-amplitude dependent. Ptm oscillations simulating tidal breathing (5-10 cmH 2 O) were ineffective at reversing airway constriction. To induce a recovery greater than 50%, Ptm oscillations mimicking a DI at every breath (5-30 cmH 2 O) were required. Reducing the FRC to a Ptm of 1 cmH 2 O resulted in twice the reversal of bronchoconstriction for any given amplitude of Ptm oscillations, but the corresponding strains were much larger than those expected in vivo. Additionally, we found that, while large Ptm oscillations do have a modest bronchodilatory effect, they do not provide an additional bronchoprotective effect when applied before and during constriction. Overall, the degree of recovery from constriction is linearly dependent on the strain one can impose during force-induced oscillations of the airway wall, but the Ptm oscillations necessary to produce the strain that result in substantial bronchodilation are not expected to occur in vivo.
METHODS

Intact Airway Segment Preparation
Bovine lungs were obtained from a local slaughterhouse immediately after death and placed on ice (Research 87, Bolyston, MA). The main-stem bronchus (generation 10 -17, ϳ35 mm long) was dissected free of parenchyma, and side branches were ligated. Cannulas were tied at each end, and the airway was placed in a tissue bath with gassed (95% O 2, 5% CO2) and heated (37°C) Krebs solution (in mM: 121 NaCl; 5.4 KCl; 1.2 MgSO4; 25 NaHCO3; 5.0 sodium morpholinopropanesulphonic acid; 11.5 glucose; 2.5 CaCl2, pH ϭ 7.4). The airway was stretched to 110 -120% of its resting length to mimic airway lengthening during tidal breathing and held fixed throughout the experiment (27) . Tissue viability was confirmed with both electric field stimulation and acetylcholine (ACh; 10 Ϫ5 M), as previously described (27, 31, 32) .
Ultrasound Intact Airway System
A custom-built system was utilized to obtain real-time measurements of luminal radius and wall thickness along the length of the airway, while Ptm oscillations could be delivered with a computercontrolled syringe pump, as described previously (31) . Briefly, a portable ultrasound system (Terason t3000) linear array transducer (12L5-V) was partially submerged in the tissue bath and mounted over the longitudinal axis of the intact airway. Automated edge detection developed in MATLAB 7.14, R2012a (MathWorks, Natick, MA) was used to determine the location of airway walls in images. Then the luminal radius and wall thickness in pixels were converted to millimeters using the embedded length scale and a correction algorithm to account for the speed of sound and ultrasound pulse width (31) . Luminal radius was quantified at each location along the airway's length and then expressed as the mean value.
Experimental Protocols
Two protocols were tested. Protocol 1 was designed to examine the effects of increasingly larger Ptm oscillations from either a simulated normal or reduced FRC on dilation of a constricted airway. Protocol 2 was designed to explore the effect of large p-p amplitude Ptm oscillations when applied before and during a constriction compared with the same large p-p amplitude Ptm oscillations imposed to a statically constricted airway. (Fig. 1) . The smallest oscillations (5-10 cmH2O) simulated the pressures of tidal breathing, while the largest oscillations (5-30 cmH 2O) represented breathing to total lung capacity (TLC) on every breath. After the largest oscillation amplitude, the airway was again held at a constant Ptm, simulating FRC for 20 min. The airway was then allowed to relax in fresh Krebs solution for 60 min, and the protocol was repeated. The same experiment was then repeated on a separate set of airways, but the FRC was reduced from a Ptm of 5 cmH2O to 1 cmH2O. This was designed to probe the effect of larger cyclic strains since the airway is more compliant in this range of Ptm.
Protocol 2: Bronchodilatory vs. bronchoprotective effect of large Ptm oscillations. This protocol examined the degree to which large (15-cmH2O p-p amplitude) breathing frequency fluctuations in Ptm applied before and during constrictions were able to reduce the degree of constriction compared with oscillations imposed only after static constriction. We chose to examine large oscillations because previously studies have shown that tidal oscillations (p-p amplitude of 10 cmH2O or less) have failed to elicit a sustained bronchodilatory effect (31, 44) . Airways were constricted with a moderate dose of ACh (10 Ϫ5 M), while imposing one of two loading conditions in random order: Pre ϩ Post ( Fig. 2A) , where large p-p amplitude Ptm oscillations (5-20 cmH2O) were imposed for 30 min immediately before and during the duration of the constriction (20 min); and Post Only (Fig.  2B) , where the airway was constricted against a constant Ptm (12.5 cmH2O) for 5 min (Static loading condition), and then large Ptm oscillations (5-20 cmH2O) were applied for the remaining 15 min. After the conclusion of the first condition, the Krebs solution was replaced in the tissue bath, the airway was allowed to relax for 60 min, and the airway was constricted under the other loading condition.
For both protocols, ultrasound images were acquired every 20 s during static Ptm and videos (30 s at 8 frames/s) were captured every 60 s during Ptm oscillations. Quasi-static Ptm-radius curves were recorded (105 s at 4 frames/s) at the very beginning (relaxed) and immediately before washout (constricted) of each constriction to establish volume history and measure the global mechanical properties of the airway by exposing the Fig. 1 . Schematic of protocol 1. Intact airways were constricted under a static transmural pressure (Ptm; 5 cmH2O) for 10 min, followed by Ptm oscillations (frequency ϭ 0.2 Hz) applied above a simulated functional residual capacity (FRC) (Ptm ϭ 5 cmH2O) of increasing peak-to-peak (p-p) magnitude from 5 to 25 cmH2O in increments of 5 cmH2O, and finally 20 min of static Ptm. The experiment was repeated in a separate set of airways with a reduced FRC (Ptm ϭ 1 cmH2O) (not shown). ACh, acetylcholine. airway to slow linear ramps (Ϫ15 to 30 cmH2O, 1 cmH2O/s). The third complete cycle was recorded.
Bronchodilation and Strain Calculation
The imposed Ptm oscillations resulted in strain of the airway wall. In protocol 1, strain was defined as the change in mean luminal radius from the statically constricted state (RC) to end inspiration (REI), divided by the airway's baseline mean luminal radius (R B) and averaged over six cycles.
In protocol 2, the strain was defined as the change in radius from end expiration (Ptm ϭ 5 cmH 2O) to end-inspiration (Ptm ϭ 20 cmH2O), normalized by the relaxed radius at end-expiration. Bronchodilation due to Ptm oscillations was quantified in protocol 1 as the percent recovery from R C back to the RB. Measurements were taken at end-expiration (REE), which remained at a constant pressure (5 cmH2O) for all oscillation amplitudes.
In protocol 2, the steady-state percent constriction from baseline was calculated after 20 min of constriction during the Pre ϩ Post and Post Only loading conditions. These values were compared with the amount of constriction after 5 min of static constriction during the Post Only constriction (Static loading condition).
Data and Statistical Analysis
All data are expressed as means Ϯ SD, and n represents the number of airways. One-way repeated-measures ANOVA was used to determine the effect of loading condition (oscillation amplitude in protocol 1; Static, Pre ϩ Post, and Post Only conditions in protocol 2) on airway reactivity and strain amplitudes. In protocol 2, paired t-tests were used to test for significant differences in mean values. Statistical significance was defined as P Ͻ 0.05.
RESULTS
Protocol 1: Bronchodilation Due to Ptm Oscillations From FRC
Airways were exposed to increasing p-p amplitude Ptm oscillations ranging from 5 cmH 2 O (mimicking tidal breathing) up to 25 cmH 2 O (mimicking a DI every breath) to test the bronchodilatory effect of Ptm oscillations. Two sets of experiments were performed: one with the Ptm oscillations applied above a Ptm simulating a normal FRC (5 cmH 2 O), and one with a reduced FRC (Ptm ϭ 1 cmH 2 O). Figure 3 , F and G, shows the mean luminal radii and strain amplitudes of a representative airway from protocol 1 when the oscillations were applied above a normal FRC (Ptm ϭ 5 cmH 2 O). The luminal radius is plotted at end-expiration (Ptm ϭ 5 cmH 2 O, black circles) and end-inspiration (open circles). Important time points are labeled on the luminal radius plot, and corresponding processed ultrasound images of the intact airway are shown in Fig. 3 , A-E. The airway narrowed by 38% of its baseline radius (A) after static constriction (B). Consistent with previous results (31), Ptm oscillations simulating tidal breathing resulted in modest dilation (7%), despite 4% strain. Each increase in oscillation amplitude resulted in greater strains and further bronchodilation. For example, Ptm oscillations with p-p amplitude of 15 cmH 2 O imposed strains of 15% at endinspiration ( Fig. 3D ) and resulted in 24% recovery back to baseline. Nevertheless, even the largest Ptm oscillations resulted in only 43% recovery. On cessation of the oscillations, the airway narrowed back to its initial constricted radius almost immediately, then dilated some, but within 20 min the preoscillation radius was reestablished in steady state (Fig. 3E ). For the airways oscillated from a Ptm ϭ 1 cmH 2 O, the degree of bronchodilation achievable exceeded those observed from airways oscillated from Ptm ϭ 5 cmH 2 O, and higher amplitude Ptm oscillations completely ablated the bronchoconstriction. Figure 4 summarized the pooled results from all airways in protocol 1 and shows the impact of different sized Ptm oscillations on the imposed strain to the airways and recovery from the statically constricted state. When the FRC was set at physiological Ptm of 5 cmH 2 O (n ϭ 5, black circles), tidal-like oscillations (p-p amplitude ϭ 5 cmH 2 O) caused only a small dilatory impact (11.6 Ϯ 4.8% recovery), despite strain amplitudes of 4.9 Ϯ 2.0%. Excursions from FRC up to TLC (p-p amplitude ϭ 25 cmH 2 O) on every breath were necessary to achieve bronchodilation of greater than 50% (62.9 Ϯ 12. strain imposed to the airway wall for any given p-p amplitude Ptm oscillation. This increased strain to the airway wall resulted in a proportional increase in bronchodilation and the same relationship between recovery and strain holds for both the normal and reduced FRC experiments (R 2 ϭ 0.99). Tidallike oscillations from an FRC of 1 cmH 2 O resulted in 14.8 Ϯ 5.6% strains to the airway wall and resulted in 26.1 Ϯ 7.9% recovery, while excursions with p-p amplitudes of 20 cmH 2 O or larger resulted in full recovery back to the unconstricted radius, but this required strains of 50.0 Ϯ 11.8%. The regression line fit to the means of both data sets (dashed black line) suggests there is a threshold strain of ϳ1.5% required to achieve any bronchodilation.
The mechanical properties of the airway were quantified over the entire physiological range of Ptm with quasi-static Ptm-radius curves. Figure 5 displays the deflation curves of the mean inner radius (normalized to each airway's relaxed maximum radius) for all of the airways studied in this paper before and after constriction. An important feature is that the lower end of the typical breathing operating range corresponds to a Ptm of 5 cmH 2 O. For both the relaxed and constricted state, the curves suggest that the airways are quite stiff above 5 cmH 2 O, thereby preventing large strains from being imposed, even with large Ptm oscillations. In the relaxed airway at a Ptm simulating FRC (5 cmH 2 O), the luminal radius is 88.7 Ϯ 3.0% of its maximum radius and increases to 96.0 Ϯ 1.7% at a Ptm of 10 cmH 2 O. For the constricted airway, the luminal radius at a Ptm simulating FRC (5 cmH 2 O) is 57.2 Ϯ 7.4% of its maximum relaxed radius. With inflation to TLC, the airway reaches 70.1 Ϯ Fig. 3 . Representative trace of airway's mean luminal radius (F) and strain amplitude (G), along with processed ultrasound images (A-E) corresponding to five distinct points along these curves during protocol 1, with Ptm oscillations applied above a Ptm simulating a normal FRC. At position A, the intact airway is in a relaxed state at its baseline radius. A moderate dose of ACh (10 Ϫ5 M) was then added to bath, and the airway narrows for 10 min to its statically constricted radius at position B. Ptm oscillations of increasing p-p amplitude (5-25 cmH2O) were then applied. The mean luminal radius at a Ptm corresponding to FRC (5 cmH2O, ) and end-inspiration (OE) were extracted from the ultrasound images. Representative images are shown during 15-cmH2O Ptm p-p amplitude oscillations at end-expiration (position C, Ptm ϭ 5 cmH2O) and end-inspiration (position D, Ptm ϭ 20 cmH2O). Following the largest amplitude oscillation, the perturbations were stopped, and the airway was held statically for 20 min, returning to its final steady-state radius at position E. Small tidal Ptm oscillations (5-cmH2O p-p amplitude) provide minimal bronchodilation, despite 4% strain. The airway dilates more as the Ptm p-p amplitude and strains increase. 9.6% of its relaxed radius at TLC. The airway is compliant below a Ptm of 5 cmH 2 O, and, therefore, reducing FRC to a value of 1 cmH 2 O allowed the imposition of significantly greater strains imposed for a given p-p amplitude Ptm oscillation for both the relaxed and constricted states.
Protocol 2: Bronchodilation and Bronchoprotection of Large Ptm Oscillations
In protocol 1, it was found that Ptm oscillation from 5-20 cmH 2 O results in significant dilation (36% recovery). In protocol 2, airways were either exposed to large Ptm oscillations before and during constriction (Pre ϩ Post) or only following constriction against a static load (Post Only). The goal was to evaluate whether 1) relaxed airway softens and/or dilates when exposed to large Ptm oscillations; and 2) if reactivity is significantly lessened if Ptm oscillations are imposed both before and after an airway is constricted, compared with holding the airway statically until after constriction. If so, then the Ptm oscillations also imbue a protective effect. Figure 6 depicts mean inner radius (A) and strain (B) from an example single airway from protocol 2. In the Pre ϩ Post condition, 30 min of large Ptm oscillations (5-20 cmH 2 O) did not result in significant dilation or decrease in stiffness, as measured by strain. This was consistent for all airways studied (time t ϭ 0 min: 5.3 Ϯ 1.0% strain, t ϭ 30 min: 5.5 Ϯ 0.9% strain, P ϭ 0.52). The mean luminal radius at baseline (at Ptm ϭ 12.5 cmH 2 O) was similar for both loading conditions (Post Only: 2.90 Ϯ 0.43 mm vs. Pre ϩ Post: 2.96 Ϯ 0.46 mm, P ϭ 0.12). For the Post Only condition, the airway initially constricted to a greater degree (gray arrow in Fig. 6 , Static loading condition) than when the airway was exposed to Ptm oscillations for the entire duration (Pre ϩ Post condition). However, the Ptm oscillations were able to dilate the airway to the same level in steady-state as the Pre ϩ Post constriction. In this airway, the strain was slightly larger in the Post Only condition, but this was not a consistent result (P ϭ 0.36). Figure 7 compares the degree of bronchoconstriction under the three loading conditions (n ϭ 5). Imposing large Ptm oscillations resulted in less bronchoconstriction compared with a statically constricted airway, regardless of whether the Ptm oscillations were applied throughout the entire protocol (Pre ϩ Post vs. Static, P ϭ 0.004), or only after static constriction (Post Only vs. Static, P ϭ 0.014). This is consistent with the results from protocol 1. However, there was no change in reactivity between the Pre ϩ Post and Post Only conditions (P ϭ 0.44). These results indicate that large Ptm oscillations have a modest bronchodilatory effect, but do not provide bronchoprotection.
The mean strain imposed by the large oscillations from 5 to 20 min after the addition of ACh was the same for the two conditions (Post Only: 4.7 Ϯ 0.8% vs. Pre ϩ Post: 5.4 Ϯ 1.4%, P ϭ 0.36). This implies that an absence of oscillations during constriction did not modulate the compliance of the airway between Ptm of 5 and 20 cmH 2 O.
DISCUSSION
In recent years, a major focus has been examining how the dynamic mechanical environment of the lung impacts airway A B Fig. 6 . Representative trace of airway's mean luminal radius (A) and strain amplitude (B) during protocol 2. A: circles represent luminal radius at 12.5 cmH2O, while the black line below and above the circles represents the end-expiratory (5 cmH2O) and end-inspiratory (20 cmH2O) radii, respectively. The airway constricts to a similar steady-state radius under both loading conditions (Pre ϩ Post: black, Post Only: gray). The gray arrow depicts where the oscillations of the Post Only condition commence (Static loading condition). B: the strain in the Pre ϩ Post loading condition remains constant before activation with ACh and decreases slightly after activation, suggesting a stiffer airway. In this airway, the strain was greater in the Post Only loading condition. Strain data are omitted during the first 5 min after the addition of ACh in the Pre ϩ Post condition as the airway is constricting. responsiveness in health and disease (42) . In vivo, DIs in normal lungs are capable of reversing imposed bronchoconstriction (bronchodilation) (9, 41, 53) and attenuating future bronchoconstriction (bronchoprotection) (26, 37, 54, 55) , but both of these effects are diminished or completely absent in asthmatic subjects (8, 12, 25, 26) . Furthermore, prohibition of DIs during bronchial challenge of healthy subjects increases their responsiveness (58) . The mechanisms behind bronchodilation and bronchoprotection are unknown, but are often attributed to the cyclic stretch of the ASM embedded within airway wall with tidal breathing and DI (13, 16, 17) . This hypothesis is supported by studies showing that length oscillations before (61) and during (13, 21) activation of isolated tracheal ASM strips result in reduced force production, although there is also evidence that mechanical strain might have a relatively small effect on ASM force generation (49), or perhaps even enhance ASM contractility (36) . These studies have led to the hypothesis that periodic fluctuations perturb the binding of myosin to actin (14, 33, 38, 48) , or result in remodeling of the contractile apparatus (19, 30, 50) and, therefore, limit ASM tension generation and airway narrowing. Investigators have subsequently conjectured that the forces associated with breathing and DIs are crucial regulators that prevent AHR in vivo.
While these conjectures conveyed a sensible potential pathway for how the dynamics of the ASM (or lack thereof) could be an important modulator of AHR, ultimately they had to be tested and quantified at the intact airway level. Recent studies of intact airways now cast substantial doubt and confusion as to how or even if the sensitivity of ASM force generation to imposed realistic Ptm oscillations are relevant to explain reactivity at the whole airway level (31, 32, 43, 44, 46) . In this study, we extended the results of LaPrad et al. (31, 32) and Noble et al. (43, 44, 46) by examining Ptm oscillations from FRC, as is typically imposed in situ. We used an integrated system with real-time ultrasound imaging to quantify the effect of small and large Ptm oscillations from a Ptm corresponding to either a normal or a reduced FRC on the reactivity and mechanical properties of an intact airway. Our results show that bronchodilation of the bovine intact airway is strainamplitude dependent, but, to induce a recovery greater than 50%, Ptm oscillations mimicking a DI at every breath were required when applied above an FRC of 5 cmH 2 O, and the recovery was not sustained once the oscillations seized. Reducing the FRC to a Ptm of 1 cmH 2 O resulted in an approximate doubling in the magnitude of imposed strain and corresponding recovery for any given Ptm oscillation amplitude. In addition, while large Ptm oscillations (5-20 cmH 2 O) have a modest bronchodilatory effect, they do not provide additional bronchoprotection when imposed before constriction of an intact airway.
Our laboratory has previously shown that small, tidal-like Ptm oscillations (p-p amplitude of 10 cmH 2 O or less) imposed around a fixed mean Ptm corresponding to FRC are not effective at mitigating airway constriction (31) . In protocol 1, we wondered if we would observe the bronchodilatory effect by applying larger Ptm oscillations from a constant Ptm, ranging from tidal-like up through mimicking a DI at every breath. Indeed, we showed that breathing-induced bronchodilation is strain-amplitude dependent (Fig. 4) , but normal tidal breathing occurs at pressures much lower than those required to sufficiently strain the airway wall to achieve more than 50% recovery.
To mimic breathing in vivo in protocol 1, we applied increasing Ptm oscillations from a constant Ptm simulating FRC. In our laboratory's previous study (31) , Ptm oscillations were applied around a mean Ptm (5 cmH 2 O) to eliminate the confounding effects of airway dilation due to increased mean static load, which occurs during normal breathing patterns. That study mimicked the protocols of ASM strip studies (33, 48) and was designed to explicitly test the mechanism of dynamically equilibrium ASM proposed by those studies. By applying oscillations above a constant Ptm in this study, we were able to apply realistic strains and probe the bronchodilatory effect of Ptm oscillations in the operating range that occurs in vivo. To account for the increase in mean Ptm with oscillation amplitude, we evaluated bronchodilation at the troughs of the oscillations, which remained constant throughout the experiments.
Our intact airway system provides a unique way to monitor the luminal radius and wall thickness of an isolated airway in response to agonists and perturbations in Ptm, which mimic the pressures of breathing in vivo. In the lung, airways are embedded within the parenchyma, and the size of the airway is controlled by the transpulmonary pressure (Ptp). Tidal breathing oscillations in vivo are typically from a Ptp of 5 cmH 2 O at end-expiration (FRC) up to 8 or 10 cmH 2 O at end-inspiration, and, at TLC, Ptp is increased up to 30 cmH 2 O. At the end of exhalation or inhalation, when flow is zero, Ptm is equal to Ptp, and, therefore, oscillations in Ptm similar to the perturbations of Ptp experienced in the whole lung were applied to our intact airways to mimic breathing.
The strains applied to the airway due to Ptm oscillations in this study are consistent with changes in airway size due to Ptp fluctuations measured in vivo. Strain was defined in a similar manner, as shown in previous in vivo (8, 62) and in vitro (43, 44) studies, as the change in radius from the statically constricted radius up to the end-expiration radius and normalized by the baseline radius. Imaging studies in vivo have suggested that, for airways of similar size as the ones studied in this experiment (human generation 4), the airway's radius increases by between 8.5% (62) and 16% (8) during inflation from FRC to TLC in a relaxed lung, as measured by anatomical Fig. 7 . Airways constricted to a significantly greater degree when no oscillations were imposed (Static) than when large oscillations (5-20 cmH2O) were applied (Pre ϩ Post and Post Only) (*P Ͻ 0.05). However, whether the oscillations were applied exclusively after the constriction (Post Only) or before and after the constriction (Pre ϩ Post) had no effect on the final amount of constriction (P ϭ 0.44).
optical coherence tomography and high-resolution computed tomography, respectively. The deflation relaxed quasi-static Ptm-radius curve (Fig. 5) suggests an average radius increases in radius of 8.6% from 5 to 30 cmH 2 O. For the constricted lung, in vivo measurements show inflation from FRC to TLC cause an increase in radius of 14% (8), consistent with our measurements of a 13% increase. When the Ptm fluctuations are applied dynamically, as occurs during breathing, the strain imposed increases. For example, tidal breathing from FRC of 5 cmH 2 O resulted in an average of 12% radius strain, while excursion from FRC to TLC with every breath resulted in 33% strain. These values are consistent with strains experience in isolated human airways by imposing a DI (22%) (44) .
In addition to mimicking Ptm oscillations from a normal FRC of 5 cmH 2 O, protocol 1 also explored the effect of reducing the FRC to 1 cmH 2 O to a range of Ptm where the airway is more compliant. The strains applied to the airway from a reduced FRC were about twice as large for any given p-p amplitude Ptm oscillations, which resulted in about twice as much bronchodilation. When we combined both data sets, we found an intriguing phenomenon, namely that there may be a universal relationship between strain amplitude and degree of bronchodilation achievable (see Fig. 4 ). Hence, while indeed (following from isolated ASM studies) one can ablate the constriction by straining the airway periodically, the amount of strain necessary to do so are way above those occurring during tidal breathing and even deep breaths.
Our results are consistent with the recent work of Lavoie and colleagues (34) , who studied expansion of human lung slices. The control parameter of these precision-cut lung slices is the depth of the indenter, which is then converted to an area strain, and it is unclear whether the resulting area strains relate to Ptm oscillations. Nevertheless, in the Lavoie system, they explicitly tried to compare small to larger oscillations and, like our protocol, imposed these from the FRC-like state. In particular, a circular indenter was used to stretch precision-cut lung slices at six levels of airway luminal fluctuation from simulated tidal breathing (2% area strain) up to a full DI at every breath (30% area strain). Similar to our present findings, only the largest oscillations resulted in substantial reversal of bronchoconstriction, and the reversal was not sustained when the oscillations were stopped (34) .
In vivo studies examining the bronchodilatory effect of tidal breathing with the occasional DI have suggested that healthy subject can reverse bronchoconstriction by ϳ60% (40, 55), while some have suggested full, sustained reversal from a single DI (25) . Our results indicate that Ptm oscillations simulating taking a DI with every breath are necessary to generate a similar level of bronchodilation, and that this reversal is not sustained when the Ptm oscillations are stopped. During normal breathing, DIs are only taken once every 6 min (4), so, for a DI to be an effective bronchodilator, the effect must be sustained over a similar time frame. During a conventional bronchoconstrictor challenge, a person is likely capable of exerting larger pressures to overcome the greater impedance of bronchoconstriction. However, this study suggests that one might have to increase the pressure in the lung up to a Ptp corresponding to TLC for the breathing oscillations to be effective.
In this study, a single dose of ACh (10 Ϫ5 M) was used to simulate a moderate exposure to an agonist (31) . The amount of bronchodilation of a particular size of oscillation is likely inversely correlated with the degree of constriction, because the more constricted an airway becomes, the stiffer it will be and the less strains will be imposed by the same Ptm fluctuations (46, 49) . Indeed, Lavoie et al. (34) showed in lung slices that greater reversal occurred when bronchoconstriction was least severe. It would be interesting to investigate the relationship between severity of constriction and the bronchodilatory power of Ptm oscillations in intact airways. Our laboratory (31) has previously shown that, for normal breathing patterns, there was no dependence on severity of constriction on the effectiveness of the Ptm oscillations in mitigating bronchoconstriction of intact airways. In human isolated airways, Noble et al. (44) showed that a DI results in greater initial reversal of narrowing when constricted with a lower dose of ACh, but also re-narrows quicker, and within 12 s after the DI the reversal is similar for all concentrations of ACh. However, it is unclear if this relationship would change with the larger Ptm oscillations applied in this study.
Several studies have shown that the magnitude of the bronchodilatory effect is strain-amplitude dependent (1, 11, 33, 34, 46, 57) . However, it remains unclear how much the ASM is strained within the airway wall in vivo and how much strain is necessary to result in significant and sustained bronchodilation. The airway wall is a complex system whose mechanical properties are captured globally by the Ptm-radius curve (see Fig. 5 ). The nature of airway mechanics is such that, in the pressure range relevant in vivo, tidal breathing (5-10 cmH 2 O) only results in 5% strains (see Fig. 4 ). The bend of the curve typically occurs between 5 and 10 cmH 2 O, and an additional increase in pressure will only result in a few additional percentages of dilation. This characteristic is consistent with human airway expansion with lung inflation in vivo over several generations measured using high-resolution computed tomography (7) and anatomical optical coherence tomography (62) . Relaxed airways are highly distensible up to Ptp of 5-7 cmH 2 O, but further increases in pressure up to 30 cmH 2 O result in no further distention (7) . Intact airway studies of different species (20, 23, 31, 51) , as well as excised lungs (22, 24) , have shown similar pressure-radius relationships. Moreover, after excitation, the maximum radius achievable by the contracted airway even at a Ptm of 30 cmH 2 O is 30% less that at baseline (see Fig. 5 ). This means that, even if Ptm oscillations simulating a DI are imposed with every breath, the ASM can never be stretched to the absolute lengths achievable at baseline. This is apparent from Fig. 3 , which shows that, after constriction, even 25-cmH 2 O p-p amplitude Ptm fluctuations only stretch the airway to 2.2 mm, whereas its resting radius at 5 cmH 2 O was 2.6 mm. In short, once the ASM causes the airway to constrict, the entire intact airway system becomes locally and globally stiffer, and imposition of our Ptm oscillations can no longer create substantive strains of this system. In addition, the strain imposed to the ASM layer is smaller than the measured luminal strain as a result of the airway's cylindrical geometry. If the ASM becomes uncoupled from the other wall structures (39), or if extracellular matrix stiffness is significantly less than the stiffness of the ASM (47), the ASM strain might be reduced further. Taken together, our results suggest that, while physiologically achievable Ptm oscillations are capable of imposing some dilation, they are not capable of imposing the necessary ASM strains that would result in the same level of bronchodilation observed in vivo.
The generation 10 -17 bovine airway is similar in size (luminal radius of 2-3 mm) and global mechanical properties to a generation 4 human airway (62) . The main-stem bronchus of the bovine lung tapers as it goes deeper into the lung, as shown in the longitudinal ultrasound images in Fig. 3 , A-E. Our laboratory (31) has previously explored longitudinal heterogeneity during constriction and found that an airway constricts relatively homogenously along its length to the dose of ACh administered in this study. The airways studied do contain some cartilage content, but are able to fully close when exposed to a high-enough dose of ACh, suggesting the cartilage did not substantially limit contractile responses.
In protocol 2, we tested whether large-amplitude Ptm oscillations also have a bronchoprotective effect in the intact airway. The first major result from protocol 2 was that large Ptm oscillations applied to a relaxed bovine airway do not result in dilation or softening of the airway. In relaxed human airways, pressure oscillations simulating tidal breathing and DIs result in minor dilation, which can be attributed to reversal of intrinsic ASM tone (44) . These results are inconsistent with isolated, inactivated ASM cell studies, which show that stretch results in a prompt decrease in the cell stiffness through cytoskeleton fluidization (28, 29, 60) . The reason for this discrepancy is unclear and might be because the rate of cross-bridge attachment and detachment are similar in a relaxed ASM (13) . Perhaps a simpler explanation is that even the baseline relaxed airway operates near the maximum of its Ptm-radius curve. Physiological Ptm oscillations might simply not create the strains necessary for the intact airway's ASM to alter its contractile response.
Based on ASM strip and cell experiments, investigators have hypothesized that, if imposed force fluctuations become too small, the ASM will become increasingly stiffer as a result of decreased cross-bridge cycling and/or reduced cytoskeleton fluidization (29) . The airway then collapses into a statically equilibrated state with the ASM in a frozen latch state that is so stiff that tidal breathing and DI can no longer perturb actinmyosin cross bridges. If the above mechanism held, the ASM of the intact airway for the Post Only condition in protocol 2 would establish latched cross-bridges during the first 5 min of static constriction, resulting in a stiffer airway. The large Ptm oscillations would, therefore, result in decreased strain of the ASM and, therefore, less of a bronchodilatory effect. In the Pre ϩ Post condition, the large Ptm oscillations during constriction should inhibit the airway from reaching a latch state and therefore constrict less than both the Static and Post Only conditions. However, the large Ptm oscillations did not modulate the stiffness of the airway during constriction and did not provide any additional bronchoprotective effect. Airways exposed to Ptm oscillations before and during constriction exhibited the same level of reactivity as airways that were exposed to Ptm oscillations after static constriction (see Fig. 7 ). Note that, while some of the comparisons in protocol 2 are of borderline significance due to a small sample size, any difference, significant or not, would not correspond to a functionally important difference.
Protocol 2 was designed to test whether Ptm oscillations before and during constrictions were able to reduce the degree of constriction compared with Ptm oscillations only after static constriction. In a living human, the Pre ϩ Post loading condition is closer to what actually occurs in that one breathes constantly as agonist stimulation occurs. Hence, we tested for whether realistic dynamic forcing before and during a stimulation would reduce the reactivity. To assess what happens if Ptm oscillations are applied only before constriction starts, a third "Pre Only" could have been tested, but was omitted because it does not simulate realistic conditions. Our data explicitly compare whether Ptm oscillations constantly present (Pre ϩ Post) are protective compared with no Ptm oscillations until after static constriction (Post Only).
This study is the first to directly examine the effects of pressure oscillations on subsequent airway narrowing and extends the work of Noble et al. (45) , who examined the bronchoprotective effect in intact airways by tracking changes in active isovolumetric force generated following a period of pressure fluctuations. Consistent with our present results, they showed that pressure oscillations resulted in no beneficial bronchoprotection. They also observed an unexpected modest increase in active pressure, which did not translate into a change in airway narrowing in our study (45) .
While one leading hypothesis explaining the beneficial effect of a DI is related to the effect stretch has on ASM cross-bridge dynamics (14, 33, 38, 48) , several other potential mechanisms have been proposed as well (56) . Furthermore, some human studies have suggested that the bronchoprotection and bronchodilation involve distinct physiological mechanisms (55) . In particular, the release of relaxant factors, such as prostaglandins or atrial natriuretic peptide, through stretchactivated neural or hormonal pathways may be the mechanism in which DI can protect against future bronchoconstriction (5, 52, 59) . Functional changes to the ASM due to chronic inflammation could potentially inhibit these stretch-induced mechanisms in asthma (18) . Alternatively, stretch-activated surfactant release could also be responsible for the bronchoprotective effect of the DI (2, 35, 63) . Our group has also provided some evidence that prohibition of DIs in healthy subjects might simply cause atelectasis, which amplifies reactivity (6).
In conclusion, our study examined the bronchodilatory and bronchoprotective effects at the level of the intact airway. Breathing-induced bronchodilation is strain-amplitude dependent, and there appears to be a universal relationship between strain amplitude and degree of bronchodilation achievable. While it is indeed possible to ablate constriction of an airway by straining it periodically, as has been shown in isolated ASM studies, the amplitude of Ptm oscillations and corresponding strains necessary are much larger than those that occur during normal breathing patterns. Furthermore, while large Ptm oscillations do provide a modest bronchodilatory effect, the bronchoprotective effect is not present at the level of the intact airway. These results challenge the current ASM cellular hypotheses and suggest other mechanisms might dominate what controls AHR in vivo.
